Background: Neuropeptide Y and nitric oxide are key regulators of adult hippocampal neurogenesis. Results: Pharmacological inhibition of intracellular NO signaling pathways abolished neuropeptide Y-mediated neuroproliferation. Conclusion: An intracellular NO-cGMP-PKG and ERK pathway mediates the neuropeptide Y neuroproliferative effect. Significance: This work unites two significant modulators of hippocampal neurogenesis and provides a mechanism for the independent extra-and intracellular regulation of postnatal neural precursors by NO.
Neuropeptide Y (NPY)
2 is a highly conserved 36-amino acid polypeptide widely expressed in neural tissue of the central and peripheral nervous systems (1) . Following its isolation from the porcine hypothalamus in 1982 (2) , and determination of its amino acid sequence (1) and its distribution in the rat brain (3), NPY has been implicated in the regulation of a range of physiological processes, including circadian rhythms (4), feeding behavior (5), memory processing (6), affective disorders (7), and seizure control (8, 9) . In the hippocampus, NPY is expressed by GABAergic interneurons of the dentate hilus and in the hippocampus proper (10, 11) and acts on G-protein coupled receptors (GPCR) in the rhodopsin-like GPCR family. Out of the five subtypes identified in mammals, four (Y 1 , Y 2 , Y 4 , and Y 5 ) are functional in humans (12) and show tissue-specific expression patterns (13) . Hansel et al. (14) first demonstrated the proliferative effects of NPY on neuronal precursor cells derived from the postnatal rat olfactory epithelium, which appear to be mediated via the NPY Y 1 receptor. Since then, we and others have shown that NPY is able to stimulate the proliferation of a range of cell types including neuronal precursor cells from the hippocampal subgranular zone (SGZ) (15) , retinal glial (Muller) cells (16) , endothelial cells (17) , and precursor cells from the subventricular zone (SVZ) (18) . Adult neurogenesis is well established in mammalian brains, including in humans (19) , and NPY plays a key role in regulating adult hippocampal neurogenesis under both normal and pathological conditions (20, 21) . It has been proposed that NPY-releasing interneurons in the dentate hilus release NPY onto progenitors within the SGZ to regulate their proliferation and adult hippocampal neurogenesis (22) . The signaling mechanisms underlying the proliferative effect of NPY are not fully understood, although the extracellular signalregulated kinases (ERK) 1/2 of the mitogen-activated protein kinases (MAPK) signaling pathway have been shown to play a major role (14, 20, 23) .
Nitric oxide (NO) is a ubiquitous gaseous signaling molecule involved in mediating a vast range of intra-and intercellular signaling cascades and regulation of physiological processes (24) . NO is synthesized by the enzyme nitric-oxide synthase (NOS), which converts the amino acid L-arginine into NO and citrulline through sequential oxygenation reactions (25) . There are three isoforms of NOS, neuronal NOS (nNOS or NOS-I), inducible NOS (iNOS or NOS-II), and endothelial NOS (eNOS or NOS-III) (26) . Since NO was first shown to act as an intercellular messenger in the brain (27) , its role as a neurotransmitter/neuromodulator has been extensively studied (28) .
NO has been implicated in the mechanisms underlying both the early stages (neurogenesis) and the advanced stages (synaptogenesis and neural map formation) of neuronal differentiation and also in developmental neurogenesis (28) . In addition, NOS is localized to neurogenic sites in the dentate gyrus of the hippocampus and SGZ (29) and the SVZ, olfactory, and rostral migratory stream (30) . NO has also been shown to exert a dual role on cell proliferation by mediating both antiproliferative and proliferative effects (25) . Although NO exerts an antiproliferative effect on cells such as vascular smooth muscle cells (31) and endothelial cells (32) , it mediates a proliferative effect on fibroblasts (33) and myoblasts (34) . Given the importance of NPY in regulating adult hippocampal neurogenesis, the localization of NOS to NPY-responsive neurogenic areas, and the bifunctional effects of NO on cell proliferation, it is therefore possible that NO acts as a mediator of NPY signaling. In fact, a link between NO and the physiological effects of NPY was suggested by Morley et al. (35) , who showed that a low dose of NPY was able to increase NOS expression in the hypothalamus by 147% and that an NPY-induced increase in food intake was mediated via NOS. More recently, Alvaro et al. (23) showed that NOS was involved in mediating the NPY-induced proliferation of retinal neural cells, further supporting our hypothesis. Through the use of pharmacological, immunocytochemical, and live cell imaging techniques, we describe the involvement of NO signaling in mediating the neuroproliferative effect of NPY on cultures derived from the postnatal rat hippocampus.
EXPERIMENTAL PROCEDURES

Generation of Hippocampal Cultures from Postnatal Rat-
Primary hippocampal cell cultures were generated from 7-10-day-old postnatal Wistar rats as described previously by Howell et al. (15) and described in full in the supplemental Experimental Procedures. Cells were plated at 100,000 viable cells/ml directly onto poly-L-lysine (Sigma-Aldrich) coated 6-or 24-well plates for cell counting or poly-L-lysine-coated sterile borosilicate glass coverslips for confocal imaging (13-mm diameter; VWR International). The wells were rinsed and replenished with fresh Neurobasal A medium supplemented with 2% B27 supplement (Invitrogen, Paisley, UK) and 0.5 mM glutamine (Sigma-Aldrich) (NBA/B27/Glu) with 1% antibiotic/antimycotic (penicillin/streptomycin and Fungizone, Invitrogen) 2 h after plating to remove nonadhered cells and debris (control conditions). Pharmacological reagents under study were also added at this time or cultured for 3 days in vitro (DIV) under control conditions until exposure for 6 h on the final day.
Exposure to Pharmacological Agonists and Antagonists and BrdU Incorporation-The concentrations of agonists or antagonists were chosen based on published literature and included NPY (1 M; Sigma-Aldrich) (15) , the nonselective NOS inhibitor N()-nitro-L-arginine methyl ester (L-NAME) (500 M; Sigma-Aldrich) (23), the inactive enantiomer N()-nitro-D-arginine methyl ester (D-NAME) (500 M; Sigma), the selective Y 1 agonist [F7, P34]NPY (1 M; courtesy of Prof. Dr. A. G. BeckSickinger, Universität Leipzig, Germany) (15), the NOS substrate L-arginine (500 M; Sigma-Aldrich), the inactive enantiomer D-arginine (500 M; Sigma-Aldrich), the cGMP analog 8-Br-cGMP (20 M; Tocris Bioscience) (23) (42) , and the NO scavenger carboxy-PTIO (CPTIO, 10 M; Tocris Bioscience) (42, 43) . Agonists or antagonists were added to cultures for 3 or 5 DIV or for 6 h on the final day before cells were rinsed once in 0.1 M phosphate-buffered saline (PBS; Sigma-Aldrich) and fixed in 4% paraformaldehyde (Sigma-Aldrich) for 20 min. Cell proliferation was assessed through incorporation of the thymidine analog 5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich). Cultures were exposed to 20 M BrdU for 6 h before cell fixation.
Immunocytochemistry-Fixed cultures were washed in PBS before BrdU-treated cultures were incubated in 2 M HCl for 30 min at 37°C. Cells were then washed in PBS before the nonspecific antibody-binding sites were blocked by incubation in 5% donkey blocking serum (Sigma-Aldrich) in PBS-0.1% Triton (PBS-T) for 30 min at 25°C. Cells were then incubated in appropriate dilutions of primary antibodies in PBS-T, 5% donkey blocking serum overnight at 4°C. Primary antibodies were used at the following concentrations: rat anti-BrdU (1:500; AbD Serotec), mouse anti-rat nestin (1:200; BD Biosciences), mouse anti-class III ␤-tubulin (1:500; Cambridge Bioscience), rabbit anti-class III ␤-tubulin (1:500; Cambridge Bioscience), and rabbit anti-nNOS (1:500, 1:1000; Millipore). Cells were washed once in PBS before incubation with secondary antibodies in PBS-T for 2 h at 25°C. Secondary antibodies were used at the following concentrations: Alexa Fluor donkey anti-rat 488 (1:1000; Molecular Probes, Invitrogen), Alexa Fluor donkey anti-mouse 488 (1:500; Molecular Probes, Invitrogen), Alexa Fluor donkey anti-rabbit 488 (1:500; Molecular Probes, Invitrogen), Alexa Fluor donkey anti-mouse 555 (1:500; Molecular Probes, Invitrogen), and Alexa Fluor donkey anti-rabbit 555 (1:500; Molecular Probes, Invitrogen). Cells were rinsed once with PBS before counterstaining with 4Ј,6-diamidino-2-phenylindole (DAPI, 20 g/ml; Sigma) for 6 min. Samples were rinsed in PBS and maintained in distilled water for imaging. Cells cultured on coverslips underwent an additional mounting step after immunostaining. Coverslips were transferred face down onto mounting medium Mowiol aqueous mount.
Quantification and Statistical Analysis-An inverted Leica DM IRB microscope (Leica Microsystems UK Ltd., Milton Keynes, UK) was used to capture fluorescent images for cell counting. Cell quantification was performed on six random 20ϫ fields/well using Volocity version 4.2.0 (Improvision Inc., Lexington, KY). The area of a 20ϫ field was previously measured using a 255-m graticule slide. Raw data counts were averaged and expressed as the mean number of cells/mm 2 /well and plotted Ϯ S.E. Plots were based on the mean of a sample of at least four wells per condition per experiment from a minimum of three independent experiments, with each experiment consisting of 16 hippocampi pooled from eight animals. The mitotic index (in percentage), which reflects the proliferation status of a cell population, was quantified by dividing the numbers of BrdU ϩ cells (cells in S-phase) by the total cell count. Data were plotted using GraphPad Prism data analysis software (GraphPad Software Inc., San Diego, CA) and the appropriate statistical test (ANOVA with Dunnett's multiple comparison post hoc test, Bonferroni's post hoc test, or the unpaired Student's t test) applied to the means. Confocal images were taken on a Nikon C1 Digital Eclipse modular confocal microscope system (Nikon UK Ltd.) using the Nikon EZ-C1 Gold v3.70 software (Nikon Corp.).
Western Blot Analysis-Western blotting was modified from a method previously described by Howell et al. (20) and described in full in the supplemental Experimental Procedures. Hippocampal cells derived from primary cell culture generation were plated at a density of 10 6 cells/ml in 6-well plates and cultured for 3 DIV under control conditions (NBA/B27/Glu and 1% antibiotic/antimycotic) before treatment with 1 M NPY, 1 M NPY and 500 M L-NAME, or control (NBA/B27/ Glu) for 8 min at 37°C. The wells treated with L-NAME were pretreated with 1 mM L-NAME for 10 min prior to ensure adequate NOS inhibition (36) . After treatment, the cells were lysed before Western blotting was carried out on the cell lysate against phosphorylated and total ERK1/2, which was visualized using the enhanced chemiluminescence (ECL) system (Lumi-GLO reagent and peroxide; Cell Signaling Technology). The two bands of ERK1/2 were analyzed separately, as they may have different phosphorylation profiles in response to NPY exposure, using the ImageJ analysis software (National Institutes of Health). Data were plotted using GraphPad Prism (GraphPad Software Inc.), and ANOVA with Dunnett's multiple comparison post hoc test or Bonferroni's post hoc test was applied on the means.
Diaminofluorescein Diacetate Live Cell Imaging-The fluorescent probe for the detection of NO, diaminofluorescein diacetate (DAF-FM DA; Sigma-Aldrich) (37), was utilized in two separate methods on hippocampal cultures. The first involved pretreating cultures under control or NPY conditions for 3 DIV before loading with DAF-FM DA and live imaging to determine differences in DAF-FM DA fluorescence due to NPY treatment. In the second method, cells were cultured under control conditions for 3 DIV before loading with DAF-FM DA and using time-lapse imaging to directly investigate the cellular response to an NPY pulse. Please refer to the supplemental Experimental Procedures for a full description of DAF-FM DA imaging. To confirm that DAF-FM DA fluorescence reflected NO levels, the NO donor (S)-nitroso-N-acetylpenicillamine (100 M; Tocris Bioscience) was used as a positive control. Cells were fixed in paraformaldehyde, and the phenotype of cells (nestin ϩ or class III ␤-tubulin ϩ ) was identified via immunocytochemistry. The fluorescence intensity of cells was analyzed using ImageJ analysis software whereby the average background intensity was subtracted from the cell intensity within each image. Time-lapse data of individual time points were normalized across experiments by plotting data relative to the cell intensity at time point 0 (t 0 ).
RESULTS
NPY Is Proliferative for Postnatal Hippocampal Cultures and
Progenitor Cells-The proliferation status of primary hippocampal cultures was significantly increased over 5 DIV in the presence of 1 M NPY. NPY exposure statistically significantly enhanced the mitotic index (supplemental Fig. 1A ). In addition, NPY also statistically significantly increased the mitotic index of the nestin ϩ precursor cell population (supplemental Fig. 1B ). This confirmed the neuroproliferative effects of NPY we had previously shown (15, 20) before the intracellular mechanisms involved were explored.
Proliferative Effect of NPY Is Mediated via NOS-To investigate the role of NOS and NO in NPY-mediated proliferation, cultures were exposed for 3 DIV to 1 M NPY and/or 500 M of the (non-subtype-selective) nitric-oxide synthase inhibitor L-NAME or inactive enantiomer D-NAME. NPY induced a statistically significant increase in the numbers of BrdU ϩ cells (Fig.  1A ) and the mitotic index ( Fig. 1C) , which was reduced to control levels in the presence of the active NOS inhibitor L-NAME ( Fig. 1, A and C) . Similarly, the statistically significant increase in nestin ϩ BrdU ϩ precursors and the mitotic index of nestin ϩ cells by NPY was reduced to control levels by the presence of L-NAME ( Fig. 1, B and D) . In contrast, D-NAME had no effect on NPY-induced BrdU incorporation in nestin ϩ precursors, suggesting that the inactive enantiomer had no effect on NPY action (Fig. 1, A and B) . Although D-NAME appeared to mediate a slight inhibitory effect on the mitotic indices ( Fig. 1 , C and D), this is most likely due to D-NAME impurity and the presence of minute amounts of active L-NAME. Nevertheless, the mitotic indices of the NPY ϩ D-NAME condition were not statistically significantly different from the NPY condition.
The proliferative effect of NPY is mediated via its Y 1 receptor (15), and Kopp et al. (38) have shown that there are high levels of Y 1 receptor localization within the neurogenic SGZ of the dentate. To investigate the involvement of NOS in mediating the proliferative effects of NPY through the Y 1 receptor, primary hippocampal cells were cultured under control and in the presence of the Y 1 agonist [F7, P34]NPY and/or L-NAME or D-NAME for 3 DIV. The proliferative effect, as demonstrated by a statistically significant increase in the mitotic index induced by the Y 1 agonist, was reduced to control levels by the presence of L-NAME, but was unaffected by the presence of D-NAME (Fig. 1E ). L-NAME and D-NAME alone had no effect on the mitotic index (Fig. 1E) .
To further determine the involvement of NO in inducing proliferative effects, L-arginine, the substrate for NOS in the synthesis of NO, was added to increase the substrate for NO synthesis. D-Arginine, the inactive enantiomer of L-arginine, was used as an experimental control. Although D-arginine showed no effect on basal proliferation rates, L-arginine exposure to cells over 3 DIV statistically significantly enhanced the mitotic index of the cultures as compared with control conditions (Fig. 1F) .
nNOS Is Likely to Mediate Proliferative Effect of NPY-We
have shown that NOS appears to play an important role in mediating the neurogenic effect of NPY; however, the isoform mediating this process is unknown. The different isoforms of NOS show a variety of physiological roles. To identify the isoform involved in proliferation, our studies were restricted to commercially available and selective inhibitors of nNOS or iNOS, which was achieved through the use of 200 nM AAAN (39) or 100 nM EITH (40) , respectively, along with 1 M NPY on cells cultured for 3 DIV. NPY exerted a statistically significant proliferative effect on cultures, which was reduced to control levels by the nNOS inhibitor ( Fig. 2A) , but was unaffected by the iNOS inhibitor (Fig. 2B) . The inhibitors had no effect on basal proliferation rates on their own. This result indicates a key involvement by nNOS in mediating the effect of NPY. Although D) and/or 500 M L-NAME or D-NAME (E) or 500 M L-arginine (L-ARG) and 500 M D-arginine (D-ARG) (F) for 3 DIV. BrdU was added for the final 6 h. NPY induced a statistically significant increase in BrdU ϩ cells (A), nestin ϩ BrdU ϩ precursors (B), the overall mitotic index (C), and the mitotic index of precursor cells (D), which was reduced by L-NAME back down to control levels, but unaffected in general by the inactive enantiomer D-NAME. E, the Y 1 agonist statistically significantly increased the mitotic index, which was reduced back down to control levels by the addition of L-NAME. The inactive enantiomer D-NAME had no effect on Y 1 agonist action. L-NAME and D-NAME had no effects on basal proliferation rates on their own. F, L-arginine statistically significantly increased the mitotic index of cells, whereas the enantiomer D-arginine had no effect. Data represent mean Ϯ S.E. based on a sample that represents at least 12 wells/condition from at least three separate experiments. One-way ANOVA with Dunnett's multiple comparison test as compared with control condition was performed. *, p Ͻ 0.05. FIGURE 2. nNOS is likely to mediate proliferative effect of NPY. nNOS and iNOS were inhibited using subtype selective inhibitors. Hippocampal cells were cultured under control conditions (NBA/B27/glutamine) (A) or control conditions and 1 M NPY and/or 100 nM EITH (iNOS inhibitor) (B). On the 3rd day, BrdU and 1 M NPY and/or 200 nM AAAN (nNOS inhibitor) (A) or BrdU (B) was added for the final 6 h. NPY induced a statistically significant increase in the mitotic index, which was reduced back down to control levels in the presence of AAAN (A) and unaffected by the presence of EITH (B). AAAN and EITH had no effects on basal proliferation rates on their own. Data represent mean Ϯ S.E. based on a sample that represents at least 12 wells/condition from three different experiments. One-way ANOVA with Dunnett's multiple comparison test as compared with control condition was performed. *, p Ͻ 0.05. ns, not significant. C, each set of images represents fluorescence images captured on a confocal microscope separated into filter sets of DAPI/nNOS, nNOS, nNOS/nestin, or nNOS/class III ␤-tubulin (TUJ1) with DAPI in blue, nNOS in green, and cell phenotype nestin or class III ␤-tubulin in red. nNOS was localized throughout the soma and cytoplasm of both cell types, although staining showed more intense immunostaining located in the soma of nestin ϩ cells and cytoplasm of class III ␤-tubulin ϩ cells (arrows). Scale bar, 25 m.
the involvement of endothelial NOS could not be fully rejected, the complete inhibition of NPY-mediated proliferation by AAAN suggests the involvement of only nNOS. The immunocytochemical analysis of hippocampal cultures showed the localization of nNOS to nestin ϩ and class III ␤-tubulin ϩ cells (Fig. 2C) , the same cell types that Howell et al. (15) had previously shown to be responsive to NPY.
Proliferative Effect of NPY Is Mediated via Intracellular NO Signaling, whereas Extracellular NO Is Antiproliferative-NO is a highly diffusible signaling molecule (41) that is able to mediate both intracellular and intercellular signaling through intracellular and/or extracellular release (24, 42) . To determine whether intracellular or extracellular NO was involved in mediating the proliferative effect of NPY, hippocampal cultures were exposed to NPY in the presence of the cell impermeable NO scavenger, CPTIO (42, 43) , for 3 DIV as a means to reduce any extracellular NPY. CPTIO failed to affect NPY-induced total cell (Fig. 3A) or nestin ϩ precursor cell (Fig. 3B) proliferation, arguing against the involvement of extracellular NO signaling pathways in mediating the proliferative effect of NPY.
Live cell imaging using DAF-FM DA was used to assess endogenous NO activity in response to NPY exposure. The NO donor (S)-nitroso-N-acetylpenicillamine was used as a positive control for DAF-FM DA fluorescence (supplemental Fig. 2) . The fluorescence intensity of cells treated with DAF-FM DA was assessed using two methods. First, cultures were pretreated under either control or NPY conditions before DAF-FM DA fluorescence intensity in the nestin ϩ and class III ␤-tubulin ϩ cell populations was assessed. In both nestin ϩ and class III ␤-tubulin ϩ populations, the NPY-pretreated group showed statistically significantly enhanced DAF-FM DA fluorescence as compared with the untreated control group (Fig. 3, C and D) , suggesting increased NO activity in response to NPY exposure. Second, an NPY pulse statistically significantly enhanced the DAF-FM DA fluorescence intensity of individual nestin ϩ and class III ␤-tubulin ϩ cells over time (Fig. 3, E and F) , demonstrating increased intracellular NO activity directly in response to NPY.
If the proliferative effect of NPY is mediated via intracellular NO production, what effects, if any, would extracellular NO confer? To further examine this effect, hippocampal cells were cultured in the presence of the NO donor, DETA/NONOate (NOC-18), for 3 DIV to determine the effects of extracellular NO on cell proliferation. An NOC-18 concentration range of 50 -200 M (42) was investigated to explore the dose response. Indeed, extracellular NO exerted a negative effect on proliferation rates as has been previously reported (42) . Although NOC-18 at the lowest concentration of 50 M had no effect on cell proliferation, 100 and 200 M NOC-18 exerted an inhibitory effect, which statistically significantly decreased the mitotic index (Fig. 4A) , as well as the number of nestin ϩ BrdU ϩ precursors (Fig. 4B) , to below control levels. This antiproliferative effect on basal cell proliferation increased in response to NOC-18 concentration, with higher concentrations exerting a more prominent inhibitory effect. To exclude cell damage/ death as a possible explanation, studies using propidium iodide staining showed no change in percentage of cell death as compared with control at the NOC-18 concentrations investigated (data not shown). Far from being a possible proliferative pathway for NPY, extracellular NO was antiproliferative for hippocampal cultures. M NPY, and/or 10 M CPTIO (NO scavenger) conditions before BrdU was added for the final 6 h. A statistically significant increase was observed in the mitotic indices of the overall cell population (A) and the nestin ϩ cell population in response to NPY exposure (B), which was still significantly increased in the presence of CPTIO, suggesting an endogenous, rather than exogenous, signaling pathway in the NPY-bound cell. Data represent mean Ϯ S.E. based on a sample that represents at least 12 wells/condition from at least three different experiments. One-way ANOVA with Dunnett's multiple comparison test as compared with control condition was performed. *, p Ͻ 0.05. C-F, DAF-FM DA fluorescence intensity in cells treated with NPY. Hippocampal cells were cultured under control conditions (NBA/B27/glutamine) or 1 M NPY for 3 DIV before DAF-FM DA loading and imaging. The fluorescent intensity of cells treated with DAF-FM DA was assessed using two distinct methods. In the first approach, NPY-pretreated nestin ϩ (C) and class III ␤-tubulin ϩ (TUJ1 ϩ ) (D) cell populations showed statistically significantly increased fluorescence intensity as compared with control-treated cell populations (Student's t test, p ϭ 0.0003 and p ϭ 0.0324 for nestin ϩ and class III ␤-tubulin ϩ cell populations, respectively). Data represent mean Ϯ S.E. based on a sample that represents at least 50 individual cells/condition. E and F, Similarly, in the second approach, an NPY pulse statistically significantly enhanced the DAF-FM DA fluorescence intensity of nestin ϩ (E) and class III ␤-tubulin ϩ (F) cells even after subtraction of the respective control (Con) traces (PBS pulse), which demonstrates a direct involvement of NO and its production within the intracellular signaling pathway of NPY (linear regression analysis; *, p Ͻ 0.0001). Experimental settings and conditions were replicated across 4 -5 independent experiments for both the pretreated cultures and the timelapse investigations.
NO-cGMP-PKG Pathway Mediates Proliferative Effect of
NPY-sGC, which converts GTP into cGMP, is a major intracellular target of NO (44) . The intracellular downstream targets of NO were analyzed using the cell-permeable cGMP analog, 8-Br-cGMP (45) , and the potent sGC antagonist, ODQ (46) . The NPY-induced statistically significant increase in proliferation was mimicked by 8-Br-cGMP (Fig. 5A) , and there were no cumulative effects in response to combined exposure to NPY and 8-Br-cGMP, consistent with NPY signaling via cGMP. This was supported by ODQ reducing the proliferative effect of NPY to below control levels, which was also prevalent in ODQ-only controls, suggesting a role for sGC in also maintaining basal proliferation rates (Fig. 5A) . In further verification of sGC involvement, cultures supplemented with L-arginine as substrate for NO synthesis showed statistically significantly increased proliferation rates, which were also reduced to below control levels by the presence of ODQ (Fig. 5B) . Downstream of sGC is PKG, a common target of cGMP. PKG is potently and selectively inhibited by the compound KT5823 (47), which was exposed to cultures for 3 DIV in the presence of NPY and 8-BrcGMP. The statistically significantly increased proliferation status induced by NPY or 8-Br-cGMP was reduced to, and in the case of 8-Br-cGMP, below control levels by the presence of KT5823 (Fig. 5C ). There was a trend for the presence of KT5823 to have a negative effect on basal proliferation rates (Fig. 5C ), which may be explained by the fact that PKG, like sGC, may normally be involved in maintaining basal proliferation rates in culture.
ERK1/2 Activation Is Required for NPY Action and Is a Downstream Target of NOS-NO Signaling Pathway-
The involvement of the MAPKs, ERK1/2, in mediating the effect of NPY had been shown previously, among others by Hansel et al. (14) and Howell et al. (20) , in postnatal precursor cells from the olfactory epithelium and the hippocampus, respectively. U0126, an inhibitor of MEK 1/2 (kinases upstream of ERK1/2), prevents the activation (phosphorylation) of ERK1/2 and was added to cultures for 3 DIV in the presence of NPY and 8-BrcGMP to confirm its involvement and determine its role within the signaling cascade. NPY or 8-Br-cGMP again induced a statistically significant increase in proliferation, whereas the presence of U0126 completely reduced proliferation levels to control levels (Fig. 5D ). This inhibition of 8-Br-cGMP activity suggests a role for ERK1/2 which is situated downstream of sGC and cGMP, and possibly after PKG. In addition, cultures were ; NO donor) for 3 DIV before BrdU was added for the final 6 h. NOC-18 at 50 M had no effect on basal proliferation rates, whereas 100 and 200 M NOC-18 exerted a negative effect on basal proliferation rates, which statistically significantly reduced the mitotic index (A) and the number of nestin ϩ BrdU ϩ precursors to below control levels (B). Data represent mean Ϯ S.E. based on a sample that represents at least 12 wells/condition from at least three different experiments. One-way ANOVA with Dunnett's multiple comparison test as compared with control condition was performed. *, p Ͻ 0.05. ; or 500 M L-arginine and/or 1 M ODQ (E) for 3 DIV. BrdU was added for the final 6 h. A, NPY or 8-Br-cGMP both induced a statistically significant increase in the mitotic index. There were no cumulative effects from combined NPY and 8-Br-cGMP treatment. ODQ reduced the effect of NPY down below control levels and had negative effects on basal proliferation rates on its own. B, L-arginine induced a statistically significant proliferative effect, which was also reduced to below control levels by the presence of ODQ. C, NPY or 8-Br-cGMP induced a statistically significant increase in the mitotic index, which was significantly reduced by inhibiting PKG with KT5823. Both treatment with KT5823 on its own and in combination with 8-Br-cGMP resulted in a decrease to below control levels. D, NPY and 8-Br-cGMP both induced a statistically significant increase in the mitotic index, which was reduced back down to control levels by U0126. E, L-arginine statistically significantly increased the mitotic index, which was reduced back down to control levels by the presence of U0126. Data represent mean Ϯ S.E. based on a sample that represents at least 12 wells/condition from at least three independent experiments. One-way ANOVA with Dunnett's multiple comparison test as compared with control condition was performed. *, p Ͻ 0.05.
supplemented with L-arginine and U0126 for 3 DIV to demonstrate the link between NOS-NO and ERK1/2. The statistically significantly increased proliferation in response to L-arginine was reduced to control levels by the presence of U0126 (Fig. 5E) , which reinforces the role of NO in the NPY signaling pathway.
The signaling mechanisms initiated by the NPY Y receptors are diverse, and activation of ERK1/2 may be through an NOindependent pathway (13, 23) . The levels of ERK1/2 phosphorylation were assessed by Western blotting in response to NOS inhibition (L-NAME) to determine the importance of the NOcGMP pathway in mediating ERK1/2 activation and the proliferative effects of NPY (Fig. 6A ). ERK1/2 phosphorylation levels increased in response to NPY exposure, especially ERK2 (p42) (Fig. 6C) , and were statistically significantly decreased to control levels by the presence of L-NAME (Fig. 6, B and C) . L-NAME on its own had no effects on basal phosphorylation levels of ERK1/2 (data not shown). Thus ERK1/2 activation by NPY was mediated via an NOS-NO signaling pathway.
DISCUSSION
NPY has been shown to exert proliferative effects on a wide range of different cell types (14 -16, 18, 23) , but little was known about its intracellular signaling pathways. Recently, Lou et al. (42) have shown that the effects of NO on neural stem/precursor cells differ significantly depending on whether it was released extracellularly (antiproliferative) or intracellularly (proliferative). Although the involvement of NO mechanisms was thought to underlie the proliferative effect of NPY in retinal neural cells (23) , our results are the first to demonstrate that intracellular NO produced by nNOS signals the complete Y 1 receptor-mediated proliferative effect of NPY on hippocampal nestin ϩ precursors, whereas extracellular NO had the opposite antiproliferative effect. We also show that ERK1/2 activation by NPY is solely mediated via NOS-NO mechanisms.
We identified the involvement of NO in mediating the neuroproliferative effect of NPY via the NPY Y 1 receptor by significantly reducing the effects of both NPY and a selective Y 1 agonist by inhibiting NOS using L-NAME. Imaging studies using the NO probe DAF-FM DA before a NPY or PBS pulse showed that hippocampal cells had some endogenous NO activity. However, it is unlikely that this background level of NO was involved in mediating basal proliferative processes as pharmacological analysis using L-NAME showed that it had little effect on basal cell proliferation. On the contrary, both sGC and PKG were associated with maintaining basal proliferation rates, which may be due to NO-independent sGC activation (48, 49) , which is less efficient than NO at promoting cGMP synthesis. Moreover, many of the physiological effects of NO are concentration-dependent, and an increase in endogenous (basal) NO levels, as a result of NPY stimulation or L-arginine supplementation, may initiate proliferative processes, which would otherwise not occur if endogenous NO levels were low.
Irrespective of NPY, however, NO itself has been shown to have both neuroinhibitory and neuroproliferative effects on adult neurogenesis (50) . In vivo investigations by Packer et al. (51) showed that the chronic inhibition of NOS in rats with L-NAME increased levels of BrdU ϩ cells in neurogenic zones such as the SGZ (ϩ68%) and SVZ (ϩ58%). Similarly, MorenoLópez et al. (52, 53) observed an increase in proliferating cells in mice in response to systemic L-NAME administration, although this was observed only in the SVZ and not the SGZ. The systemic administration of a different NOS inhibitor, 7-nitroindazole, induced a dose-and time-dependent increase in the number of BrdU ϩ cells, again in the mouse SVZ, but not in the dentate gyrus (53) . This disparity in region response was probably due to sensitivity differences and the presence of specific cell types (52) . Although these studies all support the idea of NO as a negative regulator of adult neurogenesis, it must also be noted that both L-NAME and 7-nitroindazole are relatively nonselective NOS inhibitors. Conversely, others have described NO as a positive regulator of adult neurogenesis. The administration of the NO donor, DETA/NONOate, to young adult rats increased cell proliferation in the SGZ and SVZ both under normal conditions and in response to stroke (54) . Likewise, the prior administration of 7-nitroindazole and the iNOS inhibitor aminoguanidine significantly reduced the number of BrdU ϩ cells in the dentate gyrus after pentylenetrazol-induced seizures in the adult rat brain (55) , supporting a role for NO in brain repair after brain injury or seizures. DETA/NONOate has also been shown to produce antidepressant effects by promoting hippocampal neurogenesis in young adult mice (56) . The explanation for these paradoxical effects of NO lie in the existence and differential effects of the NOS isoforms and/or the FIGURE 6. ERK1/2 activation by NPY is solely mediated via NOS-NO mechanisms. 3-day-old hippocampal cultures were treated with control medium (NBA/B27/Glu), 1 M NPY, or 1 M NPY in the presence of 500 M L-NAME for 8 min. L-NAME treatment wells were pretreated with 1 mM L-NAME for 10 min beforehand to ensure adequate inhibition. A, immunoblots were probed with antibodies against phosphorylated (Phos-ERK 1/2) and total ERK (Total-ERK 1/2). ERK1 (p44) and ERK2 (p42) showed distinct bands. The addition of NPY increased the phosphorylation levels of ERK1/2, whereas the presence of L-NAME reduced levels. MW, molecular mass markers. B and C, ERK1 (p44) (B) and ERK2 (p42) (C) showed an increase in phosphorylation levels in response to NPY treatment, which was statistically significant with ERK2 (*), and both were statistically significantly reduced to control levels by the presence of L-NAME (ϩ). Data represent mean Ϯ S.E. based on three separate experiments. One-way ANOVA with Dunnett's (*) or Bonferroni's (ϩ) multiple comparison test was performed. *, p Ͻ 0.05.
opposing effects of intracellular and extracellular NO signaling on proliferation, which formed the basis of our investigations.
nNOS was identified as the main NOS isoform responsible for NPY-mediated proliferation, and the NPY-responsive nestin ϩ and class III ␤-tubulin ϩ precursor cells (15, 20) were immunocytochemically positive for nNOS. Indeed, nNOS immunostaining is localized to sites of neuronal proliferation and migration in the hippocampal dentate gyrus (29) , and signaling between GPCRs, such as the Y 1 receptor, and nNOS may be possible through GPCR-mediated mechanisms. In the cholecystokinin-mediated proliferation of Chinese hamster ovary cells, for example, the cholecystokinin A GPCR activated nNOS via the G-protein ␤␥ subunit and the tyrosine phosphatase SHP-2 (57) . In vivo studies using NOS isoform-specific knockout animals suggest an inhibitory role for NO derived from nNOS (58) , which also appears to mediate the suppressed neurogenesis seen in chronic, stress induced-depression (59) . The cellular signaling pathways underlying these effects, however, are not known. Indeed, the cell type, cellular source, reactive status, timing of synthesis, and concentration are major determinants of NO effects (50, 60) .
Our findings suggest that the NO released by nNOS in response to NPY acts intracellularly and mediates a proliferative effect. This finding is entirely consistent with the dual role of nNOS-derived NO recently demonstrated by Luo et al. (42) , who found that intracellular NO produced by nNOS in neural stem cells was important in mediating their proliferation and neuronal differentiation, whereas nNOS-derived NO from adjacent neuronal cells was extracellularly released and exerted a negative control on neurogenesis. The addition of DETA/ NONOate significantly decreased proliferation rates (42, 61, 62) , which we also found when we exposed our hippocampal cultures to the donor. Indeed, our study significantly extends these findings by identifying NPY as a mediator of intracellular NO-induced proliferation. This dual role of NO may be policed by the differential subcellular compartmentalization of nNOS, for example, to the nuclei for neural stem cells or to the cytoplasm for neurons as proposed by Luo et al. (42) , a trend also observed during the nNOS immunostaining of our own hippocampal cultures (Fig. 2C) , or possibly, the existence of the nNOS splice variants, such as nNOS␣, nNOS␤, and nNOS␥ (26, 63) . The mechanisms underlying the effects of NO on adult neurogenesis are highly complex in vivo and complicate further investigations, and the in vivo confirmation of our findings will be challenging given the difficulties in selectively targeting intracellular nNOS and Y 1 receptors in neural stem cells.
A significant increase in intracellular NO activity occurs in response to NPY, which we visualized using DAF-FM DA, and the enzyme sGC and its product cGMP were identified as downstream targets of NPY/NO signaling. The cGMP analog, 8-Br-cGMP, initiated a proliferative effect similar to that of NPY, which has also been shown by Zhang et al. (64) to promote angiogenesis in the rat brain. PKG, a common target of cGMP, was implicated in the underlying signaling cascade of NPY after the effects of NPY were found to be significantly reduced following the inhibition of PKG with KT5823. Similarly, Hood and Granger (65) found that the VEGF-induced proliferation of human endothelial cells was mediated via an NO-cGMP-PKG signaling pathway, much like the pathway identified within this study.
Unlike the NO-cGMP-PKG pathway, the ERK1/2 of the MAPK signaling pathway has long been implicated in the processes underlying the proliferative effect of NPY (14, 20, 23) . As well as confirming these previous results, we also investigated the links within this signaling pathway. Although it is still unclear how ERK1/2 may be activated from upstream NO-cGMP-PKG signaling, it is most likely due to kinase phosphorylation cascades. It is clear that the NPY-, L-arginine-(endogenous NO source), and 8-Br-cGMP-mediated proliferation of hippocampal cells is significantly reduced by inhibiting ERK1/2 activation (phosphorylation) with U0126. Upstream NO-cGMP-PKG signaling was directly linked to ERK1/2 activation, and all are involved in mediating the proliferative effect of NPY. Through assessing levels of ERK1/2 phosphorylation in response to NPY in the presence of L-NAME, we also confirmed that ERK1/2 activation was only mediated via NOS-NO mechanisms, which was uncertain before as ERK1/2 could have been activated via secondary signaling pathways. The activation of ERK1/2 by an NO-cGMP-PKG pathway has been shown to enhance declustering of the ionotropic glutamate receptor subunit 2/3 in rat cerebellar Purkinje cells (66) and is important in regulating synaptic plasticity and fear memory consolidation in the lateral amygdala of the rat (67) . ERK1/2 themselves mediate further pathways involved in regulating the expression of genes controlling cell proliferation and differentiation through the phosphorylation of a variety of transcription factors (68, 69) 
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VOLUME 287 • NUMBER 24 • JUNE 8, 2012 (Fig. 7) . The involvement of such transcription factors is a topic for further investigation.
NPY exerts a proliferative effect on postnatal rat hippocampal cultures, which was mediated via intracellular NO production and signaled via the nNOS-cGMP-PKG and ERK1/2 signaling pathway. We thus identify NPY as a selective agonist of intracellular NO signaling in postnatal hippocampal neural stem precursor cells. Indeed, NO has also been shown to be essential for the proliferation of embryonic hippocampal neural stem/progenitor cells (70) . Although the literature on the effects of NO signaling on hippocampal neurogenesis is complex and conflicting, our study identifies the NPY Y 1 receptor as a key target to selectively promote NO-mediated neural stem/ precursor cell proliferation as a possible therapeutic intervention for promoting hippocampal neurogenesis. ERK 1/2 antibody, stripped and re-probed with anti-total ERK 1/2 antibody before finally stripping and re-probing with antibodies against the housekeeping proteins: mouse monoclonal anti-α-tubulin (1:2000; Sigma Aldrich) or rabbit polyclonal anti-GAPDH (1:10 000; Abcam, UK) for standardisation purposes.
Diaminofluorescein diacetate live cell imaging -For both methods, hippocampal cells were cultured on 23 x 23 mm photoetched coverslips (BellCo Glass, NJ, USA) in 6-well plates for 3 DIV under control conditions (NBA/B27/Glu and 1% antibiotic/antimycotic) or 1 µM NPY. Plates were loaded with DAF-FM DA, which has an NO detection limit of 3 nM, in phenol red free-NBA/B27 (Life Technologies) for 30 min at 37°C before washing with sterile PBS. DAF-FM DA loading of hippocampal cells was optimised through loading controls using a range (0.1 -10 µM) of DAF-FM DA concentrations. 5 µM DAF-FM DA was decided upon as the optimal concentration. All DAF-FM DA loaded cells were imaged in 900 µl PBS and carried out under dimmed conditions to avoid sample bleaching. Imaging was conducted on a Nikon Eclipse E800 Microscope (Nikon UK Ltd., UK) with a 40x water-dipping objective using MetaMorph® analysis software (v6.2; Universal Imaging Corporation, Molecular Devices, USA). In the pre-treated investigation, the NPY group was exposed to 1 µM NPY throughout the whole loading and imaging process to ensure consistency. Pre-treated wells were imaged on a rota of 3 grids/condition until there were at least 12 grids/condition/experiment. Experimental settings and conditions were replicated across 4 independent experiments. The time lapse investigation involved imaging select cells in DAF-FM DA loaded cultures (cultured under control conditions) every 15 s over a time period of 20 min. The first 2 min served as a control phase before 100 µl of PBS or 10 µM NPY (final concentration in well) was added. Experimental settings were replicated across 4-5 independent experiments per condition. SUPPLEMENTARY FIGURE 2. DAF-FM DA fluorescence increased over time in response to addition of a NO donor. Hippocampal cells were cultured for 3 DIV under control conditions (NBA/B27/Glu) before they were loaded with 5 µM DAF-FM DA. The NO donor, SNAP, was added to DAF-FM DA loaded cells at T0, which resulted in a statistically significant increase in cell fluorescence intensity over time (relative to T0). Linear regression analysis, *p<0.05.
